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EXECUTIVE SUMMARY 
Gas drainage is an important process in underground coal mining. As coal matures and 
increases in rank, methane gas is generated and exists adsorbed onto the matrix micro pores 
held by pore water pressure. In order to remove the gas from the coal, the water pressure must 
first be reduced which is achieved in practice by dewatering. 
The permeability of a coal changes during gas drainage in two phenomena. As water is drained, 
the effective stress of the coal increases resulting in cleat closure and decreased permeability. 
As gas is drained from the coal micro pores, the matrix shrinks in volume and permeability 
increases (Moore, 2012). These opposing permeability phenomena have been the focus of 
research for many decades. The transition from analytical to numerical models has been a 
recent advancement in coal behavioural simulation. However, the coupling of phenomena is 
still an issue with many software packages. 
This research project aimed to investigate the behaviour of water flow in coal, particularly 
investigating the hypothesis that an increase in cleat aperture results in a decrease in velocity 
of water exiting those cleats. Focus of the project scope on dewatering and simulation of cleat 
aperture whilst neglecting gas flow resulted in achieving the aim of the study. 
A numerical model was constructed based on coal parameters from published experimental 
work that yielded values for Young’s Modulus and Poisson’s ratio for Sydney Basin coal (Pan, 
Connell and Camilleri, 2009). Other parameters for water and cleats were gathered from further 
literature research. From a 10 mm square coal block, two models were built: one featuring a 
single cleat and one with five evenly spaced cleats. Simulations of the single and multiple cleat 
models both showed that the velocity of water exiting the cleats decreases as aperture increases, 
proving the hypothesis correct. 
While the simulations showed that the analytical theory could be modelled numerically, it is 
noted that the project results represent an educational exercise. Due to the limitation of the 
applicability of the data, neither field nor experimental validation could not be performed. 
However, the research project highlights the numerous phenomena related to the gas drainage 
of coal and the potential of multi-physics numerical modelling to improve drainage techniques 
in the future. 
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1. INTRODUCTION 
1.1 BACKGROUND 
Coal is an organic resource that forms from a complex set of factors including original plant 
matter, chemical and biological decomposition, geographic setting for burial processes and 
coalification in the subsurface (Schweinfurth, 2003). During coalification, organic matter loses 
its’ hydrogen and oxygen constituents thus dewatering and enriching in carbon matter. The 
enrichment causes the production of methane gas which varies in quantity depending on the 
coal rank, grade and type (Schweinfurth, 2003). 
Being a flammable gas, methane poses a significant hazard to the underground workplace. 
Methane, when mixed with oxygen and an ignition source, provides a combustible source for 
an explosion (MEA, 2006). If the gas is left undrained, outburst may result when abutment 
stresses on pressurised areas exceed the strength of the coal (Zhai et al, 2016). Gas drainage 
and the removal of methane from the subsurface is an important practice in underground coal 
mining. 
Gas drainage can be broken down into three stages with respect to depressurisation and time: 
water saturated flow, mixed water-gas flow and gas dominant flow. At high pore water 
pressures, gas exists in the coal micro pores adsorbed on to the pore surface area (Dept. 
Environment, 2014) so dewatering is a necessary step in gas drainage. Permeability – the ability 
to transmit fluid (Ramsey, 2016) – is an important parameter in the process. With its’ organic 
matrix intersected by two orthogonal joint sets called cleats, coal possesses a dual porosity 
system. As fluid can flow more easily in open cleats than the pore space of the matrix, the 
permeability of coal is quantified primarily by this cleat porosity. As permeability is key in 
extracting hazardous gas (or economical petroleum products such as Coal Seam Gas (CSG)), 
many studies surrounding the concept have been performed since the 1960’s. 
A review conducted by Pan and Connell (2012) summarises the major findings of works done 
on coal permeability, namely the phenomenon that permeability decreases when influenced by 
stress (due to cleat closure) but increases when gas desorbs from the coal matrix (causing 
matrix shrinkage). While this behaviour of coal has been modelled extensively with laboratory 
works from Seidle et al (1992) and analytically, for example the Palmer Mansoori Model 
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(1998), the transition to numerical modelling the concepts with respect to time and space, such 
as the work of Deisman et al (2010), has only recently taken place. 
1.2 PROBLEM DEFINITION 
In review of the literature (detailed in Chapter 2) a research gap was identified in the modelling 
of water flow behaviour of gas drainage from coal, in particular, how water drainage can be 
influenced by coal structure. 
1.3 AIMS AND OBJECTIVES 
The research project was conducted on the aim to investigate the behaviour of water flow in 
coal with cleats of varied geometry. 
This was achieved by outlining the objectives: 
 Develop a numerical model to simulate the coal properties and saturated water 
conditions of early gas drainage; 
 Examine the effects of cleat aperture on the flow behaviour of a single cleat model; and 
 Examine effects of cleat aperture on the flow behaviour of a multiple cleat model. 
The model designs are detailed in Section 3.1 while parameter variations are discussed in 
further detail in Section 3.2. 
1.4 SCOPE 
While Chapter 2 details the extensive content that describes gas drainage, the focus on the 
effect of cleat geometry on water flow drove the scope refinement. Table 1 outlines the included 
and excluded aspects of the project that have assisted in defining the methodology undertaken, 
data collected, and the schedule followed. 
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Table 1: Project scope 
Aspect Scope Inclusions Scope Exclusions 
Scale 
Core sample and cleat scale 
(micrometres) 
Extensive lateral analysis, inter-seam or 
aquifer interactions 
Fluid Water 
Brine, gas (desorption, diffusion, matrix 
shrinkage out of scope) 
Geography Bulli Seam, east Australian coast coal  
Coals outside of Bulli Seam setting and 
stress states (other basins and 
countries) 
Geology – Rock 
type 
Bituminous coal, in situ state, coal 
properties from Pan et al (2009) 
experimental work 
Peat, lignite, anthracite and other 
overburden and inter-burden sediments 
Environment 
In situ – pore water pressure relating to 
Bulli seam depth of 500 m 
Mining or excavation induced stress, 
regional stress or seismicity 
Time Short term dynamic behaviour 
Long term fluid flow and coal 
deformation behaviour 
Numerical Model 
Use of available software, COMSOL 
(Academic Class Kit version 5.2a) 
Review of other available multi-physics, 
subsurface software packages 
 
Highlighted from Table 1 is the focus on water flow behaviour. Whilst performing the literature 
review, the experimental work performed by Pan, Connell and Camilleri (2009) was found to 
contain useful coal strength properties. While the experiments were performed to investigate 
the shrink-swell behaviour of coal, geomechanical properties such as Young’s Modulus, 
Poisson’s ratio and porosity were obtained and used in this research project. Other factors such 
as the cores’ bituminous coal rank and origin from the Bulli Seam of the southern Sydney Basin 
also enabled a basis to model small-scale water flow in a familiar gaseous and stress 
environment. While this information enabled the numerical modelling of this project, the 
specific values limit the applicability of this study such that findings are not directly relatable 
to other mining conditions. 
The main exclusion to this research project was the study of gas. As Section 2.5 details, 
phenomena such as gas desorption and diffusion that occur after dewatering add a level of 
complexity to the model that was deemed unnecessary to achieve the aim and too copious for 
the time of study available. Due to time constraints (as discussed in Section 1.5.1) stress and 
its’ role in deforming coal (closing cleats and reducing permeability) was also excluded from 
the study. 
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A review of numerical modelling tools on the market was not conducted for this research 
project. The software package, COMSOL (class kit version 5.2a), was used because of the 
available access and use by peers in the faculty. For a detailed software review, the reader is 
directed to the paper titled ‘Coal seam gas extraction: modelling groundwater impacts’ 
published by the Department of the Environment, Commonwealth of Australia (2014) which 
includes a list of various subsurface flow software and their features. 
1.5 PROJECT MANAGEMENT 
1.5.1 Risk Assessment Review 
A formal risk assessment was carried out for the Research Progress Report milestone met in 
May 2016 and features in Appendix A and B. The key technical hazard identified in the report 
was the chance of errors arising while collecting data while the general hazard of becoming 
incapacitated or unable to work was also deemed significant to the completion of the project. 
Most technical hazards were well mitigated and avoided by keeping multiple backup copies of 
work, keeping track of software updates and maintaining a vigilant file saving system. There 
was, however, lost time due to the underestimated complexity of modelling that was intended 
to be carried out. Section 3.2 details the main steps taken to construct the model. Many of the 
processes involved the need to immediately analyse and return to literature to address errors 
that arose during model construction which lead to project delays. When more model variations 
(featured in Section 3.1) were attempted to be built, both the loss in time and the complexity 
were deemed factors too great to complete the studies successfully. A particular case was the 
stress study; the coupling of structural mechanics on top of the dual porosity fluid flow system 
was not as straight-forward as expected. Recommendations into the effective multi-physics 
modelling of fluid flow in coal are made in Chapter 5. 
Also contributing to the reduction in time resource was an unexpected illness which developed 
concurrently with other foreseen and mitigated personal circumstances. While some lost time 
was anticipated, the incapacity to work greatly inhibited an important period in data acquisition. 
It is reflected that further preliminary studies to gauge the level of complexity modelled versus 
the time and resources available would have helped in better planning out the numerical 
modelling of the project. More frequent critical reflection sessions with academic support to 
target the project complexity and available resources would have also helped identify time 
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losses to mitigate early on in the project. More specific project recommendations are made in 
Chapter 5 of the report. 
1.5.2 Methodology 
The methodology was constructed for two time scales: long-term project planning and 
sequence planning for data acquisition. Table 2 highlights the major phases that envelop the 
project and accompanies the project schedule as provided in Appendix C. 
Table 2: Project methodology overview 
Phase & Timeframe Method 
Phase I – Preliminary 
Research 
1 Feb to 27 March 2016 
Deepen understanding by collating ideas and preliminary research. 
Deliverable: Research Project Proposal 
Phase II – Focused Research 
27 March to 22 April 2016 
Identify relevant theory; quantify coal properties for model construction; 
research fluid flow characteristics in coal and define constraints for model.  
Familiarise with software package through tutorials. 
Deliverable: Annotated Bibliography 
Phase III – Project Design 
23 April to 20 May 2016 
Review scope – propose theory to examine and hypothesise results; ideate 
data presentation, analysis and discussion. Design model with respect to the 
scope, aims, objectives and understanding of the literature. 
Deliverable: Project Progress Report 
Phase IV – Simulation, Results 
Analysis and Critical 
Discussion 
25 May to 14 Sept 2016 
Collect data; consult with academic support, build models and perform informal 
analysis of results to ensure working model; allow time to review project 
progression. Address model errors, identify key findings and confirm problem 
definition is addressed; form key discussions and conclusions. 
Deliverable: work towards Phase V deliverables 
Phase V – Review and Present 
15 Sept to 28 Oct 2016 
Format and edit work for presentation: form critical discussion for oral 
presentation, continue report construction. Seek feedback on progress and 
allow for review and editing upon constructive feedback. 
Deliverables: Oral Presentation of Project Outcomes 
Thesis – Research Project Report 
Conference Proceedings Paper 
 
Steps to define the data acquisition phase of the project were also pre-empted to ensure project 
timeliness. The following step-by step methodology for each model variation (see Section 3.1) 
was followed: 
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1. Model building – the model was constructed with respect to geometry, bounds, fluid 
and coal properties; 
2. Address error corrections to inputs – all inputs were then cross-checked with literature 
to avoid error and lost time; 
3. Simulate, analyse results – the immediate results were then analysed against the theory 
and literature to determine if the simulation was successful; 
4. Identify errors and/ or key findings – major findings from step 3 were identified and 
acted upon accordingly and if no errors ensued, the methodology was continued at 
step 6; 
5. Address error corrections to results – the advice of experts in the academic support 
network and consultation with literature were sought where necessary to rectify errors; 
6. Form discussions and conclusions – analyses drawn were reported and successes used 
to simulate further model variations. 
Except for step 5, each of the steps above formed the critical path for obtaining results. Step 4 
was essential in identifying simulation success or failure but also took up more time than 
expected in constructing the model as discussed in Section 1.5.1. 
1.5.3 Schedule 
The project schedule was developed into a Gantt chart (included in Appendix C) for the May 
2016 progress report. The Gantt chart was constructed on original time expectations as 
described in Section 1.5.2. The critical path for each model variation was estimated to take two 
weeks while contingent time for error allowed for one extra week. Listed in the schedule are 
numerous model additions that were intended to be assessed in the project (as listed in 
Section 3.1). The quality of analysis for the data collected by the end of Phase IV was favoured 
over a rushed collection and analysis of more data. 
1.6 SIGNIFICANCE AND RELEVANCE TO INDUSTRY 
As discussed in Section 1.1, coal seam gas presents a significant risk to the safe mining of 
underground coal.  While successful gas drainage techniques have been implemented into 
modern mining, such as pre-drainage via in-seam boreholes or surface-to-seam drilling for 
longwall goaf drainage (Qu, Guo and Loney, 2016), there is continued need for improvement. 
As mentioned in Section 1.2 a gap has been identified in the numerical study of water flow in 
coal. At this early stage of gas drainage, field data such as cleat characteristics 
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from core, down-hole flow behaviour such as permeability, volumetric flow rates and water 
table location can assist in understanding and designing for gas drainage. By developing 
numerical models of water flow, optimisation can be made by making first pass estimates of 
borehole flow rates and quantities based on cleat aperture (as investigated in this study), for 
example. By isolating water flow on a small scale, the fundamentals of fluid flow mechanics 
may be deeply understood – an advantage when considering the complexity of coal. 
An understanding of water flow also means an improvement to the safety of the industry. The 
Australian mining industry – including coal and metal mining, oil and gas extraction, quarrying 
and services sectors – saw 13 (preliminary) worker deaths in 2015, as reported by Safe Work 
Australia (2016). While the investigation into and cause of the fatalities has not yet been 
finalised, it is essential to take responsibility as an industry to provide a safe work environment 
in all aspects of the profession. Risk assessments and mitigation are the fundamental source of 
any safe work place and are best applied early in design. The modelling and investigation of 
hazardous features in the preliminary stage can help to identify major features such as faults, 
weak domains and ventilation requirements.  It is therefore clear that an increased 
understanding of coal and coal seam gas supported by numerical modelling is essential to 
increasing the safety of the mining industry.   
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2. LITERATURE REVIEW 
A thorough literature review was performed for the research project. This chapter of the report 
discusses coal formation and the link between gaseous by-products and coal type. Described is 
the gas drainage process and its’ relation to the coal structure, water flow and how gas is 
associated in the rock. Theoretical concepts of water and gas flow that stem from petroleum 
engineering and current numerical modelling techniques also feature in this chapter. This 
knowledge has been essential in making important scope and methodology decisions as 
considered in Sections 1.4 and 1.5, respectively. 
2.1 COAL FORMATION AND HYDROCARBON GENERATION 
Coal is defined as “an organic sedimentary rock that forms from the accumulation and 
preservation of plant materials, usually in a swamp environment” (King, 2015). As described 
in Section 1.1, the dewatering of coals in the subsurface can cause carbon enrichment and drive 
the production of methane gases within the coal (Schweinfurth, 2003). This section addresses 
the importance of coal formation processes to the project and the coal types that lead to gaseous 
coals typically seen in mining. 
Coal is formed by the accumulation of organic material (peat) in a low-laying, wet and oxygen-
poor environment, known as a peat mire. Ideal places for deposition and burial include deltas, 
coastal plains and alluvial basins that feature low gradient areas within a high rainfall or humid 
environment. Burial processes over time then influence regional and local scale accumulation 
through basin subsidence or flood and deposition of other clay and sand sediments, respectively 
(Esterle, 2016b). 
A coals’ rank describes its’ alteration by temperature related to its’ depth of burial (and the 
geothermal gradient of the basin). This property is also known as the coals’ degree of 
metamorphism, coalification or maturation and can be described in the series as peat, lignite 
(brown coal), sub-bituminous, bituminous or anthracite (Esterle, 2015) as seen on the right-
hand side in Figure 2.1.  
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Figure 2.1: Coal formation processes (Government of Alberta, 2016) 
The grade of a coal refers to its’ mineral matter (or ash) content. Primary mineral matter is 
introduced into the coal seam either by clastic sediments forming in the peat mire, as dissolved 
minerals from ground water solutions or from ash precipitated by the organics during 
deposition. Secondary mineral matter accumulation occurs after peat formation (epigenetic) 
where hot mineral-rich fluids from igneous intrusions fill fractures and cleats within the coal 
(Esterle, 2015). This secondary introduction can be most detrimental to a coals’ permeability 
if minerals cement the fluid pathways. 
The organic composition of any coal is referred to as type. General descriptions such as humic 
and sapropellic coals refer to the composition of organic tissue such as hard woods and leafy 
ferns, respectively. Type can be measured on a macro scale, called lithotype, which defines the 
proportion of bright (vitrain) bands to dull (durain) ones(as shown in Figure 2.2), or on a micro 
scale where the organics are sub-divided into vitrinite, liptinite and inertinite macerals 
(Esterle, 2014).  The type of coal is especially important when considering the source of 
hydrocarbon-rich by-products of the coal as described in the van Krevelen diagram of 
Figure 2.3. 
 
Figure 2.2: Coal lithotype classification for bituminous coal (Esterle, 2015) 
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Figure 2.3: Coal types and the oil and gas windows (Curtis, 2011) 
Coal, while often thought of as a solid product, can also form by-products in varying phases 
throughout the burial and coalification stages, including: 
 Semi-solid to solid phase – such as tar sands; 
 Liquid phase – crude oil petroleum; and 
 Gaseous phase – natural gas (Esterle, 2016c). 
These phase changes from solid coal through to natural gas cause volumetric changes. 
Generally, by the ideal gas law (PV = nRT) (Clark, 2010), the volume change between phases 
can cause expulsion, inducing fracturing of the coal as molecules try to move to low pressure 
or equilibrium state (Esterle, 2016c).  This fracturing allows the flow of the by-product through 
the coal, as discussed further in Section 2.4. 
While Australian coals range widely in rank from brown lignites through to anthracites, 
bituminous coals are most predominant (Coal Marketing International, 2016). Figure 2.4 shows 
that Australian bituminous coals can contain both oil and gas hydrocarbons, though for this 
project only gas producing, typically humic coals are considered. 
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Figure 2.4: Coal composition by rank and hydrocarbon generation (Moore, 2012)  
By understanding coal rank, grade type and how hydrocarbons are formed, the importance to 
gas drainage can be further appreciated. By focusing on bituminous (sub-bituminous through 
to low volatile bituminous) coals, the structure and behaviour of those coals can be applied to 
the project through model design. 
2.2 GAS DRAINAGE 
The gas drainage process includes three stages respective of time and fluid produced. As 
depicted in Figure 2.5 the three stages include: 
1) Water production – the borehole (also known as a well when draining fluid) is drilled 
and intersects the coal seam which is typically an aquifer. To obtain gas (see 
Section 2.5) the water pressure must be reduced which is achieved by pumping the 
water from the coal to the surface. 
2) Water flow inhibited by gas desorption – once the water head is reduced to within 
approximately 35 to 40 metres above the coal seam, gas begins to desorb from the coal. 
The gas forms bubbles in the coal pores and cleats which blocks the flow of water. 
3) Gas dominated production – the water pressure is further depleted causing more gas 
desorption. The suction and increased gas volume causes the bubbles to flow from the 
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coal where they are collected at the surface or through ventilation 
(Dept. of Environment, 2014). 
 
Figure 2.5: Stages of water flow (Littlewood, 2016) 
 
Figure 2.6: Gas production schematic (Dept. of Environment, 2014) 
Figure 2.6  depicts these stages in the subsurface where time and spatial affinity to the borehole 
govern the stage of fluid flow within the coal. It also shows a typical well setup for CSG 
production, including a pump at the bottom of the borehole, the well-head which brings up the 
fluid through a pipe and a separator which separates the water from the gas into different 
pipelines (Dept. of Environment, 2014). Inset is a schematic of water and gas flow from the 
cleat and micro pores, phenomena that are described in Sections 2.4 and 2.5, respectively. 
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2.3 COAL STRUCTURE 
As introduced in Section 1.1, coal structure is important in defining the coals’ permeability as 
well as its’ behaviour geomechanically. This section elaborates on cleat formation to address 
the concepts behind the complexity in modelling (Section 2.7) and to identify methods in 
relating cleat aperture to permeability for the problem definition. 
Cleats are the term used for two naturally occurring joints or fractures within coal that are 
perpendicular to each other (Laubach et al, 1998). The two cleats are known as the ‘face’ and 
‘butt’ cleats and are analogous to the sides and rungs of a ladder, respectively. Figure 2.7 
illustrates the typical planar view of cleat geometry including cleat length, spacing and aperture 
– the thickness of the cleat. 
 
Figure 2.7: Cleat structure (Laubach et al, 1998) 
Cleat aperture is an important aspect in this project, tying the behaviour of the coal to the ability 
of fluid to flow through the coal. Due to the cleats behaviour under stress and opening-mode 
fracture characteristic, in situ aperture and permeability are extremely hard to quantify. 
Estimates of cleat aperture from Gamson et al (1993) range from 0.001 mm to 20 mm (after 
Laubach et al, 1998), though some Australian samples have been estimated to range between 
0.1 mm and 2 mm (ACARP, 2016). Figure 2.8 shows a method (assuming parallel-plate model) 
of estimating cleat spacing, aperture and permeability within an aperture range between 3 μm 
and 40 μm used in the San Juan Basin. 
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Figure 2.8: Method for relating cleat aperture and permeability (Laubach et al, 1998) 
The formation of cleats has been largely accepted in the literature to be the consequence of two 
phenomena. First, it is thought that coalification processes such as compaction and heating lead 
to the dewatering and desiccation (shrinkage) of the coal in the subsurface. While this is 
plausible with the driving-off of water with increasing heat and depth, it does not explain the 
broad scale orientation of face and butt cleats. Addressing this concept is the theory that 
tectonics can give rise to large scale anisotropic stress fields which drive fracture growth into 
maximum and minimum horizontal stress directions of the tectonic setting of the time (also 
known as paleo stresses) (Laubach et al, 1998). While the stress regime may change over time, 
the paleo-stresses are recorded within the rock record and can help determine both 
geomechanical and fluid flow characteristics. 
The density of cleats (with respect to spacing and frequency) varies with coal type (amongst 
cleat and coal formation processes, etc.). As defined in Section 2.1 the lithotype (the proportion 
of bright and dull bands within a coal) is indicative of the number of vitrain cleats in the coal 
(Esterle, 2016a). The lithotype of a coal can vary widely on both a macro and micro scales 
within a coal seam making modelling of the cleats and permeability very difficult, as further 
discussed in Section 2.7.  
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2.4 WATER FLOW 
Permeability is defined as “the ability, or measurement of a rock's ability, to transmit fluids, 
typically measured in darcies or millidarcies (mD).” (Ramsey, 2016). Since coal consists of 
both matrix rock and cleats they possess the rock property known as dual porosity. First used 
by Warren and Root (1963), the term describes the permeability of conventional reservoir rocks 
(sandstones, limestones, etc.) as having primary and secondary porosity. Today it is used to 
describe coal in two domains: 
 Cleats (macro pores) – the primary porosity of joints with open aperture attributed to 
the coals’ permeability; and 
 Matrix (micro pores) – secondary porosity of interconnected pore space between grains 
of the organic sediment which allow for fluid flow on a far smaller scale. 
The fluid flow within both domains can be described with the analytical model of Darcy’s Law. 
Darcy’s Law describes fluid flow through a porous medium; for the purpose of this project the 
cleat porosity is assumed to be all void and the cleat surface area smooth to allow for laminar 
flow. The model is also considered to be saturated with water. Darcy’s Law can be quantified 
by Equation 2.1 (Scheuermann, 2013); hydraulic conductivity and permeability hold the 
relationship as described in Equation 2.2 (Argonne National Library, 2016). 
𝑄 =  −𝑘 ∙ 𝑖 ∙ 𝐴   (2.1)    
𝑘 =
𝐾 ∙ 𝜌 ∙ 𝑔
𝜂
    (2.2) 
Where: 
Q = volumetric flow rate (m3/s) 
k= hydraulic conductivity (m/s) 
i = hydraulic gradient 
A = cross-sectional area (m2) 
K = permeability (m2) 
ρ = density (kg/m3) 
g = acceleration of gravity (m/s2) 
η = dynamic viscosity of fluid (kg/m.s) 
With the assumption of smooth walled cleats, water flow within the cleat is analogous to fluid 
flow in a pipe.  Figure 2.9 demonstrates this behaviour. Equation 2.3 (Aminossadati, 2013) 
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gives the fluid flow exiting the pipe in m3/s. For a cylindrical pipe, it can be observed (from 
Equation 2.3a) that if the diameter of the pipe increases, the velocity of fluid exiting the system 
decreases. 
 
Figure 2.9: Laminar flow through pipe (University of Cambridge, 2016)  
𝑄 = 𝑣 ∙ 𝐴          (2.3) 
𝑄 = 𝑣 ∙  
𝜋𝑑2
4
   (2.3𝑎) 
Where:  
Q = volumetric flow rate (m3/s) 
v = velocity (m/s) 
A = circle area (m2) 
d = diameter (m) 
Permeability within a coal is directionally driven, with face cleat direction exhibiting a higher 
permeability than that in the vertical direction and of the matrix (Laubach et al, 1998). This 
directional permeability correlates to widely different fluid velocities and non-uniform flow 
fields between the two porous domains within the coal (Dept. Environment, 2014). 
The permeability of coal can vary considerably with coal rank and depth both within the seam 
and regionally. Figure 2.10 presents the results of a permeability study of the Bowen Basin 
performed by Esterle et al (2006). The permeability ranged from 0.1 mD to >100 mD, while 
permeability in the Surat Basin has been estimated to range between <1 mD to >500 mD 
(Scott et al, 2004). 
 
Figure 2.10: Bowen basin in situ permeability-depth relationship (Esterle et al, 2006) 
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2.5 GAS FLOW 
As discussed in Section 2.2, two stages of gas drainage involve the production of gas from coal. 
Consequently, there are two phenomena associated with gas flow: desorption and diffusion. 
Gas exists adsorbed onto the surface area of pores of the coal under high pore water pressure 
conditions. The desorption of gas from a coal is largely due to the coal porosity and the type of 
gas molecule adsorbed to the pore surface (Elma, Massarotto and Rudolph, 2011). As the micro 
pores of the matrix possess a large surface area, over 95% of the gas is stored here 
(Esterle, 2016c). Laboratory adsorption tests are typically used to estimate the relative pore 
surface area by injecting CO2 or CH4 into a coal sample. Absolute values of surface area for 
sub-bituminous coals have been estimated at approximately 50-100 m2/g (Arikol and Ozdogan, 
1994). As methane molecules are larger than carbon dioxide, more CO2 can be stored in the 
coals’ micro pores (Moore, 2012). 
Field experience has developed the rule-of-thumb that gas begins to desorb from the pore space 
once the pressure head is reduced to within 35 m to 40 m above the coal seam 
(Dept. Environment, 2014). The gas desorbs from the pore surface area, generating bubbles 
within the pore space where the additional volume inhibits water flow. 
Once desorbed into the micro pore space, the gas flows from areas of high concentration to low 
concentration – i.e. through cleats and to the surface – as described by Fick’s Law of diffusion 
(COMSOL, 2016). Because of the low permeability of the matrix and the slow process of 
diffusion, up to 70% of methane remains in the coal seams (Alexeev, 2012). Figure 2.11 
illustrates the scales of gas diffusion and transport within the coal seam. 
 
Figure 2.11: Gas diffusion and transport in coal (Trident Resources Corp., 2016) 
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2.6 COAL BEHAVIOUR 
Coal is considered a ductile rock for its’ ability to sustain permanent deformation beyond 
yielding (Debasis and Abhiram Kumar, 2016). However, its’ breakage and strength 
characteristics largely differ depending on the lithotype present (i.e. vitrain, durain). For 
example, due to the intensive and regular cleating of vitrain, fragments tend to break in cubic 
or angular blocks by brittle breakage. Durain, however, contains little trace of cleats and 
displays an inelastic, dense and hard resistance to breakage (Bilgin and Phillips, 1994). While 
the time frame of simulation performed in this project negates typical geomechanical coal 
behaviour, there are two other distinct responses of coal to dewatering that are of importance.  
During the dewatering stage (as discussed in Section 2.2), the pore water pressure is reduced 
from the coal matrix. This reduction in pressure increases the effective stress on the coal, as 
demonstrated by Equation 2.4: 
𝜎′ =  𝜎 − 𝑢𝑤   (2.4) 
Where:  
σ' = effective stress (Pa) 
σ = total stress (Pa) 
uw = pore water pressure (Pa) 
This increase in stress is translated as deformation through the matrix as well as the closure of 
cleat aperture (further discussed in Section 2.7.1).  
The coal also responds to gas desorption and diffusion. As discussed in Section 2.5), gas 
remains adsorbed onto the surface of the coals’ pores until the pore water pressure is 
significantly reduced. The release of the gas from the matrix results in a reduction of volume 
and so the coal matrix shrinks.  These coal behaviours are coupled with fluid flow and gas 
desorption in the models that are further discussed in Section 2.7. 
2.7 MODELLING 
2.7.1 Analytical Models 
In this history of coal and natural gas, many analytical models have coupled both the coal 
shrinkage and stress-permeability behaviours (mentioned in Section 2.6) together to better 
quantify the gas drainage phenomenon. The experimental work of Seidle et al (1992) put the 
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previous theory presented by Louis H. Reiss – that a naturally fractured reservoir geometry 
could be modelled as a collection of matchsticks (Figure 2.12 and Equation 2.5) – to the test. 
 
 
𝑘𝑓 =  
1
48
𝑎2𝜙𝑓
3   (2.5) 
Where: 
kf = fracture permeability 
a = cleat spacing 
ϕf = cleat porosity 
Seidle’s works extended the theory and was able to correlate cleat volume compressibility to 
stress, depth of burial and depletion which all affected permeability. This phenomenon, that as 
stress increases the coal deforms and cleats close to reduce the permeability, was verified with 
the laboratory results on San Juan and Warrior Basins (U.S.A) (Seidle et al, 2009). 
The work of Palmer and Mansoori (1998) introduced the phenomenon of gas desorption to the 
stress-dependent models, forming the Palmer-Mansoori Model. Their paper “How 
Permeability Depends on Stress and Pore Pressure in Coalbeds: A New Model” details the 
model which combines geomechanics with both desorption and stress related behaviours and 
is given as Equation 2.6 (a full list of the parameters used can be found in the paper). 
𝜙 =  𝜙0[1 − 𝑐𝑚(𝑝 − 𝑝0)] + 𝑐1 (
𝐾
𝑀
− 1) [
𝐵𝑝
1 + 𝐵𝑝
−
𝐵𝑝0
1 + 𝐵𝑝0
]    (2.6) 
The model derived is appropriate for assuming uniaxial strain conditions as expected in a 
reservoir. The model was verified on historical well data also from the San Juan Basin. 
Highly complex and empirical in nature, the use of the coupled analytical models such as those 
from Seidle and Palmer and Mansoori are out of the scope of this project. 
Figure 2.12: Match stick permeability concept (Seidle et al, 2009) 
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2.7.2 Numerical Models 
A numerical model comprises of governing equations (theory) with boundary or initial 
conditions that allow for the simulation of a natural system with respect to space and time 
(Dept. of Environment, 2014). With the advancement of technology and the growing need to 
optimise existing systems for value and safety, many numerical models have been built in 
recent history. 
While it was out of the scope to study in this project, the paper “Coal Seam Gas Extraction: 
Modelling Groundwater Impacts” published by the Department of the Environment (2014) 
details the functions of some eighteen different software packages. The paper also highlights 
the importance of matching the software capabilities to the aims of the project and significant 
aspects of coal and fluid behaviour being modelled. 
The decision to use the software package, COMSOL (academic class kit version 5.2a) was 
driven by the licencing availability from the faculty as well as the experienced support from 
academic staff. While COMSOL has a wide variety of physics applications – from chemical 
mixing to electric currents – the Discrete Fracture module was used for the applicability of 
Darcy’s Law fluid flow in the matrix and ‘fracture flow’ within the selected cleats. 
Many examples of numerical modelling have been published in recent literature. One 
significant example is the work of Xia et al (2014) where numerical modelling was 
implemented to improve gas drainage where air entering the coal seam inhibited methane 
extraction. Physics such as the generation of fractures due to borehole drilling, the shrinkage 
of the coal and increased permeability from drainage, the mixing of fresh air with coal seam 
gas near the borehole-workings interface and the adsorption of air back onto the coal were all 
modelled in a coupled system. By designing and implementing a solution – to inject fine 
expansive particles into the leakage fractures around the borehole – the numerical model was 
validated in the field.  Other works, such as that of Deisman et al (2010) and Connell (2009) 
have attempted to utilise advanced Synthetic Rock Mass (SRM) modelling in order to 
characterise coal seam reservoirs with respect to geomechanical processes. Each of these 
advanced modelling techniques that utilise upscaling and coupled physics are the way forward 
in the industry improvement. 
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3. MODEL DEVELOPMENT 
3.1 MODEL VARIATIONS 
Several variations – geometric and stress related – were proposed to model the behaviour of 
water in coal. Figure 3.1 depicts the two cleat variations of the model that were simulated for 
the project. Figure 3.1 (a) represents the sub-bituminous coal with one cleat orientated 
horizontally through the centre of the block while Figure 3.1 (b) represents the coal with five, 
evenly spaced cleats. The aperture of each cleat was changed for each simulation, varying 
between thicknesses of one micrometre, one-tenth of a millimetre and one 
millimetre (1 µm, 0.1 mm and 1 mm, respectively). 
 
Figure 3.1: (a) Single cleat model and (b) multiple cleat model concept sketches 
Other model scenarios that were considered included the addition of butt cleats (Figure 3.2), 
the rotation of cleats with respect to the outlet (Figure 3.3Figure 3.3), coupling with stress 
(Figure 3.4), and the change of pressure differential. While lost time resulted in the exclusion 
of these additional scenarios, the change in pressure differential was deemed not worthwhile 
investigating. An unrealistic outlet pressure (compared to the small scale of the block) would 
have been necessary to induce a considerable effect on the fluid flow. However, for larger scale 
models (of size in the order of metres), an investigation into the effect of atmospheric versus 
negative outlet (gauge) pressures is recommended for future studies. 
Poutlet 
(a) (b) 
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Figure 3.2: Face and butt cleat concept model 
Where butt cleats were considered (in Figure 3.2), the intended study involved the comparison 
of flow between face and butt cleat models. The flow characteristics would have been studied 
to see if the anisotropy of the matrix would favour lateral flow across butt cleats or if flow 
would divert vertically down butt cleats and through connected face cleats to the outlet. The 
results would have been analysed to determine if butt cleats enabled faster fluid flow and 
quicker pressure drawdown through the block over the face cleat model. 
 
Figure 3.3: Rotation of cleats concept model 
The study of rotation of the cleats considered in Figure 3.3 included varying the horizontally 
orientated cleats anticlockwise about the centre of the block by 15°, 30°, 45°, 60°, 75° and 90°. 
This study would again compare the flow paths and velocity with the horizontal case and would 
provide significance into the orientation of cleats as they intersect the draining borehole. 
Poutlet 
Poutlet 
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Figure 3.4: Applied vertical stress concept model 
The intention of adding external stress to the model as illustrated in Figure 3.4 was to test the 
concept presented in Section 2.7.1 – that as stress increases on the coal with dewatering, the 
coal deforms and cleats close, effectively reducing the permeability. It was considered that the 
stress be applied as a uniform vertical load correlating to overburden density at the seam depth 
of 500 m, with the bottom boundary fixed to deform in x and y directions. Horizontal stress 
was planned to be added in consequent scenarios with a horizontal stress factor of 1.5 times 
the vertical stress seen on the eastern Australian coast (Purwodihardjo, 2014). 
3.2 MODEL CONSTRUCTION 
In order to achieve the aim and objectives, the model ideas – Figure 3.1 (a) and (b) – were 
constructed in the software.  The single cleat model was constructed first to include all input 
parameters; the five cleat model was then built using the single cleat model as a basis with 
modifications to the number of cleats and the spacing used. Table 3 presents the varied cleat 
characteristics used to investigate the influence of cleat aperture on flow behaviour in both 
models while Table 4 lists the parameters kept as constants in the analysis. 
Table 3: Investigated variable parameters 
Parameter Symbol Value 
Aperture d {1 μm, 0.1 mm, 1 mm} 
Number of 
cleats 
- 1, 5 
Spacing of 
cleats 
A 
0.05 m in single cleat model 
0.02 m in 5 cleat model 
 
  
Poutlet 
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Table 4: Constant input parameters 
 Parameter Symbol Value 
 
Block side length L 0.1 m 
 
Depth of study - 500 m 
C
o
a
l 
Young’s Modulus E 791 MPa 
Matrix porosity n 0.418 
Matrix 
compressibility 
Pa-1 1.6×10-10 
Matrix 
permeability (Km) 
m2 
(1×10-16) × (random 
permeability function ‘F’) 
W
a
te
r 
Density kg/m3 1000 
Dynamic viscosity m/s 1×10-3 
Pore water 
pressure 
Pa 4.9×106 
Outlet pressure Pa 0 
Water 
compressibility 
Pa-1 4×10-4 
Cleat permeability 
(Kf) 
m2 5×10-13 
Cleat storage 
factor 
Pa-1 4×10-10 
 
Certain boundaries were setup to guide fluid flow. The top and bottom geometric boundaries 
were set as no-flow boundaries, indicating that water could not enter or exit the system 
vertically. With the assumption that the model was to the left of the drainage borehole, an outlet 
pressure was set over the right-hand side boundary and assigned as atmospheric pressure 
(gauge pressure equal to 0 Pa). An ‘inlet’ pressure was assigned to the left-hand side boundary 
and set as the same pressure as the pore water pressure of the block at approximately 4.9 MPa 
(equivalent to water density multiplied by the acceleration of gravity and the seam depth at 
500 m). 
In order to model the dual porosity characteristic of coal it was first decided vary the matrix 
permeability from the cleat permeability. As stated in Table 4, the cleat permeability was set 
at an approximate equivalent to 500 mD (5×10-13 m2) and the matrix permeability at the 
approximate equivalent of 1mD (1×10-16 m2). The permeability was modelled using the 
Darcy’s Law physics in the software package. The anisotropic nature of coal bedding was 
introduced to the model by adding a function to the matrix permeability. This function, termed 
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as the ‘random permeability function’, was built by first running the model with the constant 
matrix permeability (1×10-16 m2) to generate a matrix with the number of physical mesh nodes 
used in the model simulation. The predefined mesh size ‘normal’ (with a maximum element 
size of 0.0067 m) was deemed suitable for use with the model scale after early trial 
modifications. The number of nodes was then used as a scale parameter in the Weibull random 
number generation function in Matlab (version R2014b) to assign a degree of heterogeneity to 
each node. The Weibull function generated values surrounding the value 1 in the form of a 
matrix. This matrix was then imported into COMSOL and converted into a function. This 
function was then multiplied by the matrix permeability of 1×10-16 m2; the variability can be 
seen by the fluctuation in values in Figure 3.5. 
 
Figure 3.5: Random permeability function applied to matrix 
3.3 PRELIMINARY MODEL TESTS 
To test the model for correct fluid flow simulation, a number of preliminary tests were carried 
out on the early model. 
Initial problems were encountered in assigning the pressures of the model. Before 
implementing the pressure as stated in Section 3.2, the pressure was setup so that highest 
pressure was on the left-hand side driving fluid to flow through the block to the outlet on the 
right. Although the model is quite small, the low permeability of the matrix meant that fluid 
being ‘pushed’ through the medium was taking a very long time to simulate to a new block 
pressure equilibrium. By returning to literature, it was realised that drainage is achieved by 
drawing the water from the coal in a suction manner. After adjusting the pressure to drain to 
the right, a new pressure state of equilibrium was met within a reasonable period of time. 
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Following the correct adjustment of the pressure, an investigation into a suitable simulation 
range (including enough time steps to capture the water flow behaviour) was made. This 
became a necessary exercise when running initial analyses from aperture simulation. As 
observed in the preliminary results (where graphs similar to Figures 4.4 and 4.5 of Section 4.2 
were constructed), the velocity of the water flow changed on a far shorter time scale than the 
pressure. After reducing the time step and study period a number of times, it was decided that 
a time range of zero to 120 seconds and a step recording results each 0.1 seconds was adequate 
for the project. 
Modifications to the aperture sizes being simulated were also made in the early stages of the 
project. Once the pressure system and time scales were set, simulations were run with five 
different apertures being 1 µm as well as 0.1 mm, 1 mm, 10 mm and 20 mm as determined 
from the literature (Section 2.3).  Early analysis of the fluid outlet velocity showed abnormal 
results for the larger apertures – 10mm and 20mm. After deliberation, it was realised that these 
aperture sizes are not only large with respect to the 100 mm block dimension modelled, but 
quite large geologically. Further research highlighted that large cleat apertures may be the 
result of faulting and may be filled with sheared, ground coal particles. These apertures were 
ruled out of the study but may be applicable for large scale studies of coal seams. 
3.4 DATA COLLECTION 
The main sources of data collected for analysis were pressure and velocity. To study the 
pressure, the pressure was taken over the whole area of the model. Typically described in units 
of pascals (N/m2) in three dimensions, the pressure results obtained were therefore recorded as 
newtons (N) over the two-dimensional model. 
Velocity measurements were taken as the flux of fluid across the outlet (right-hand side 
boundary of the model). As Darcy’s Law physics was utilised for the modelling of fluid flow, 
velocity results were obtained in the form used by the software – Darcy’s Velocity Magnitude. 
Measurements of velocity were made in units of m2/s for the two-dimensional model 
(equivalent to cubic metres per unit metre thickness per second). In three-dimensions, this 
measurement would equate to a volume of water crossing the outlet in the third axis – into and 
out of the page – per second.  Where analysis deepened (discussed in Sections 4.2 and 4.3), it 
became necessary to isolate the velocity of water flow from the cleat outlets to study. This was 
done by measuring the velocity at the cleat exit as a point (the intersection of the cleat and 
boundary lines) instead of the whole model outlet boundary (line). Units were scaled down to 
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m/s but are still applicable and intuitive of velocity. The data collected and analyses taken for 
each of the modelled scenarios are further described in Chapter 4. 
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4. RESULTS AND DISCUSSION 
4.1 INTRODUCTION 
The results obtained from the single and five cleat scenarios run were qualitatively very similar. 
Sections 4.2 and 4.3 highlight the main findings and sequence of analysis from the single cleat 
and multiple cleat models, respectively. As stated in Section 3.4 the main results collected 
included pressure, velocity (Darcy’s Velocity Magnitude) with respect to time. 
4.2 SINGLE CLEAT MODEL 
The single cleat model, presented in Figure 4.1 was used to simulate the fluid flow 
characteristics for the varying cleat apertures – 1 µm, 0.1 mm and 1 mm. The behaviour was 
simulated for a period of 120 seconds and results recorded for every 0.1 second time step. 
Figure 4.2 (a), (b) and (c) depict the change in pressure with time for the 1 mm aperture model 
simulated and form the first visual analysis of the results. 
 
Figure 4.1: Single cleat model setup conditions 
Face cleat, 
 Kf≃500 mD 
Aperture  
Matrix, 
Km ≃ 1 mD×F 
Pinitial = 4.9MPa 
No flow boundary 
No flow boundary 
L =10 cm 
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Figure 4.2: Pressure plot of single cleat simulation at (a) t=0.1s, (b) t=10s, and (c) t=60s 
These pressure plots show the distribution of pressure that results from the suction simulated. 
In Figure 4.2 (a) when the simulation starts, the water flows out of the open cleat and the low 
pressure propagates through the fracture. By 10 seconds, the blue region curving towards the 
cleat and outlet shows that flow is still occurring. Figure 4.2 (c) at 60 seconds shows that flow 
is not preferential towards the cleat but that the pressure has reached an almost even distribution 
across the model.  The graph of pressure versus time (Figure 4.4) quantifies this new pressure 
state. 
 
Figure 4.3: Velocity plot of single cleat simulation at (a) t=0.1s, (b) t=10s, and (c) t=60s 
The velocity of fluid flow across the model was then analysed in Figure 4.3. Much like the 
pressure plots, the velocity initially shows fast flow draining from the cleat and from the matrix 
immediately nearest the cleat. As time goes on, the matrix fluid flow tends towards both the 
cleat and outlet. Figure 4.3 (c) shows the model at 60 seconds where flow is directed from the 
matrix straight to the low-pressure outlet. Note that the arrows – as used in the program to show 
magnitude and direction of flow velocity – have been changed in scale in each figure. This was 
done to highlight the direction of flow, however, the tendency for the arrows to decrease with 
time was observed throughout the simulation. This decrease in velocity was quantified in the 
graph of Figure 4.5. 
(a) (b) (c) 
(a) (b) (c) 
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Figure 4.4: Pressure versus time plot over the surface – single cleat model 
As determined in preliminary model testing (Section 3.3) the time frame for the study was 
determined to be adequate at a total of 120 seconds. This period captures the full flow behaviour 
of the ten-by-ten centimetre model which, as shown in Figure 4.4, reaches the new stable 
pressure by approximately 60 seconds. While each aperture simulation has a slightly different 
pressure behaviour in the first sixty seconds, each reach the same new pressure. At this time 
the pressure in the model is approximately 2.5 MPa which is the midpoint between the original 
pore water pressure (4.9 MPa) and gauge pressure (0 Pa).  
 
Figure 4.5: Water velocity through model outlet versus time – single cleat model 
The velocity of the fluid flow across the whole outlet (right-hand side of the model, including 
cleat and matrix) was then plotted against time as shown in Figure 4.5.  By comparison of the 
graph and Figure 4.3 it was observed that the phenomena relating to fluid velocity was 
occurring much faster than the pressure stabilisation. When analysing the raw data, it was also 
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observed that the differences in velocity between the different aperture cases was negligible 
for reasons discussed alongside Figure 4.7. In order to investigate the effect of the cleat aperture 
on velocity alone, the velocity at the single cleat point was measured and the period focused in 
on zero to one second, as graphed in Figure 4.6. 
 
Figure 4.6: Velocity of water exiting cleat alone – single cleat model 
By examining the water flow velocity from the cleat, it was observed that as the aperture 
increases (i.e. widens), the velocity decreases. This result was consistent with the theory 
(presented in Section 2.4) that draws the analogy of the cleat aperture to fluid flow through a 
pipe of varying diameter. The literature also presented that there is a large variation between 
the flow velocity of fluid in the cleat compared to the matrix. This dual porosity phenomenon 
was modelled using a random permeability function (as discussed in Section 3.2) and the 
evidence of this in the simulation is presented in Figure 4.7. 
 
Figure 4.7: Fluid velocity versus y-coordinate plot – single cleat model 
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Figure 4.7 represents the velocity of water in the coal against the y-axis (a vertical cut made 
down the middle of the model) at different time steps. This figure was taken from the study of 
1mm aperture but similar results are found for 0.1 mm and 1 µm. The random permeability 
function displays its’ variability within the matrix as the minor spikes in the figure. The high 
spike at 0.1 seconds (simulation initiation) correlates to that in Figure 4.3 (a); the water in the 
cleat exiting at a high velocity almost instantaneously. Immediately following this flow is a 
drop in velocity as the fluid then exits from the matrix (micro pores) while the pressure is still 
acting on the system. 
4.3 MULTIPLE CLEAT MODEL 
The results from the five cleat model simulations were then obtained from the model as setup 
in Figure 4.8. The results of the 1 mm aperture simulation are detailed for consistency with 
Section 4.2. 
 
Figure 4.8: Multiple cleat model setup conditions 
The pressure and fluid velocity plots were obtained and are presented as Figure 4.9 
and Figure 4.10Figure 4.10, respectively.  
No flow boundary 
Pinitial = 4.9MPa 
Spacing  
Face cleat, 
Kf ≃500 mD 
Aperture 
 
Matrix, 
Km ≃1mD*F 
No flow boundary 
L =10 cm 
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Figure 4.9: Pressure plot of multiple cleat simulation at (a) t=0.1s, (b) t=10s, and (c) t=60s 
 
Figure 4.10: Velocity plot of multiple cleat simulation at (a) t=0.1s, (b) t=10s, and (c) t=60s 
While the pressure and velocity plots are quite similar to those from the single cleat simulation 
(Figures 4.2 and 4.3), it was observed that the new pressure and stable fluid flow were being 
reached faster (within the first 10 seconds of simulation). Figure 4.11 and Figure 4.12 were 
constructed in order to analyse quantified results. 
 
Figure 4.11: Pressure versus time plot over the surface – multiple cleat model 
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Figure 4.12: Water velocity through model outlet versus time – multiple cleat model 
As with the single cleat model, the new stable pressure of approximately 2.5 MPa was observed 
to be reached in the graph of Figure 4.11. This was faster than in the single cleat model, 
reaching stability by 35 seconds of each simulation rather than 60 seconds. Figures 4.11 and 
4.12 again show that the velocity of the model outlet was changing within a much faster period 
than pressure. By reducing the time frame to one second and focusing on the velocity of fluid 
exiting the cleats, Figure 4.13 was constructed. As there were 5 cleats in each aperture case, 
the average velocity was taken from each simulation and graphed. 
 
Figure 4.13: Average velocity of water exiting cleat alone – multiple cleat model 
The graph, Figure 4.13, again demonstrates the pipe-flow phenomena that as aperture 
increases, the water velocity out of the cleat decreases. When considering the velocity through 
the outlet as a line, the phenomenon is subject to the variability of the random matrix 
0.0E+00
5.0E-07
1.0E-06
1.5E-06
2.0E-06
2.5E-06
3.0E-06
0 20 40 60 80 100 120
V
el
o
ci
ty
 (
m
2
/s
)
Time (s)
Aperture: 1 μm Aperture: 0.1 mm Aperture: 1 mm
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0 0.2 0.4 0.6 0.8 1
V
el
o
ci
ty
 (
m
/s
)
Time (s)
Aperture: 1µm Aperture: 0.1 mm Aperture: 1 mm
35 
permeability function as demonstrated in Figure 4.14. The random permeability function is 
evident as the smaller spikes shown which skewed the raw velocity data over the full outlet. 
 
Figure 4.14: Fluid velocity versus y-coordinate plot – multiple cleat model 
The major findings from the multiple cleat model included the pipe-flow and dual porosity 
phenomena which were similarly demonstrated in the single cleat model. Additionally, as seen 
in Figure 4.9, the pressure stabilisation was observed to occur faster when more cleats were 
present. This was duplicated in the velocity profiles of Figure 4.10 where anisotropic flow was 
met within 10 seconds – much faster than the 60 seconds in the single cleat simulations.  This 
is evidence that coal is drained faster when more cleats cut through the matrix. With further 
time and resources available, it is recommended that a deeper study into the frequency of cleats 
– i.e. different coal ranks and lithotypes – be investigated for their fluid flow behaviours. 
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5. CONCLUSIONS AND RECOMMENDATIONS 
The project aim “to investigate the behaviour of water flow in coal with cleats of varied 
geometry” was achieved in this study. In constructing a numerical model of water-saturated 
coal many phenomena were successfully modelled. Foremost is the pipe-flow fluid behaviour 
demonstrated by the decrease in cleat outlet velocity as the aperture was increased. Second is 
the dual porosity characteristic of coal; the difference in permeability of the coal matrix 
compared to the cleats was demonstrated by the fast depletion of water from the cleats and 
slowed migration within the matrix to the outlet. In demonstrating these water behaviours, it 
was shown that theories and analytical models of water flow can be translated into numerical 
modelling platforms. 
The findings provide a fundamental understanding that fluid flow migrates more slowly as the 
coal is dewatered. This is a concept that is not conveyed in coal permeability that is quantified 
primarily by the magnitude of cleat flow. Using this knowledge, factors such as the prediction 
of realistic flow rates, the depth of the water table and the estimation of first gas desorption can 
be made. In understanding the water flow behaviour in the first stage of gas drainage with 
numerical modelling, a significant advantage can be utilised for the optimisation of gas 
drainage and enhancement of safety in the underground coal mining field. 
Although the aim of the project was successfully achieved, a number of recommendations are 
made with respect to two project aspects: to further the numerical modelling performed, and to 
improve the applicability to other mining environments. 
The impact of lost time on data acquisition was detrimental to the level of complexity achieved 
in numerical modelling. However, the concept models provided in Section 3.1 show the 
potential to further layer coal properties and fluid behaviour into the model. Aspects of future 
models may also include: 
 Varied or random spacing of face cleats to model the heterogeneity of coal lithotype 
within a seam (vitrain banding); 
 Butt cleats and the effect of flow rated and direction on their change in aperture; 
 Non-horizontal bedding planes – the effect of tilting cleats against the outlet to model 
the effects of cleat orientation on fluid flow; 
 Saline fluids – using saline water properties to investigate effects on fluid flow as coal 
seams tend to contain brines; 
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 Stress induced deformation – the coupling of stress onto the model to investigate the 
degree of deformation a coal will undergo during dewatering and the impacts on cleat 
closure and fluid flow; and 
 Gas phenomena – further coupling of the model to include gas generation, multi-phase 
fluid flow, gas bubble interference on fluid flow, coal matrix shrinkage, etc. 
Any combination of the aspects listed, as well as the scaling up of the model size, are also 
promoted for further study in the endeavour to numerically model the many complex coal and 
fluid flow behaviours. 
As stated in the project scope the current research project was limited by using case-specific 
data. To improve the applicability of such numerical modelling studies to the field, it is first 
suggested that the scale of study be defined. Analyses made from numerical modelling have 
the potential to be implemented on different scales, for example the use at one specific longwall 
panel or broad generalisations for use across several mine sites. 
For site specific studies such as use in the gas drainage design for new underground coal mine 
development, it is recommended that drill holes be fully utilised to collect information. 
Diamond drilled core samples should be analysed to obtain information such as: 
 Geological: coal rank, grade and type, cleat frequency, spacing and aperture, presence 
of infilling; 
 Geomechanical: Young’s Modulus, Poisson’s ratio, porosity, compressibility, 
orientation of cleats, stress and bedding in the subsurface; and 
 Fluid properties: laboratory permeability tests, gas desorption tests, chemical analyses 
for salinity and presence of hydrocarbons. 
Other tests of the borehole, such as wireline logging and drill stem tests (used to measure the 
pressure, permeability or productive capacity of a coal seam intersecting the borehole) 
(Ramsey, 2016b) should also be performed. With a full suite of parameters, a numerical model 
can be built for the specific site. 
Studies should also be made into the suitability of a numerical modelling software package for 
the intended use. Some software may have advantages over others, especially where very few 
packages are able to model multi-physics phenomena successfully. Once modelled, the results 
of simulations may then be validated in the field and used to optimise gas drainage. 
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The application of numerical modelling also has the potential to serve as a broader educational 
tool. By logging the general properties of different coal types (i.e. Young’s Modulus, porosity, 
cleat frequency etc.) for use within a numerical modelling package, the differences between 
fluid flow may be made between a lignite and anthracite, for example. Software packages, such 
as RocScience, currently feature similar tools and information and offer great educational value 
for learning fundamentals. With the progression of technology, numerical modelling has the 
potential to model all of coals’ complexities on a large scale and provide a significant tool to 
understand gas drainage in mining in the future. 
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APPENDIX A – TECHNICAL RISK ASSESSMENT 
Risk matrix constructed in May, 2016 which identifies technical risks to the project, accompanies Section 1.5.1. The consequence, likelihood and risk level ratings were adapted from those used at the Western Sydney 
University, 2015. 
Hazard Consequence Consequence Likelihood 
Risk 
Rating 
Mitigation Method 
Residual 
Consequence 
Likelihood 
Residual 
Risk 
Rating 
Loss of information - 
data or report 
Delays, rework in time and resource 
constraint, incomplete thesis 
Moderate Possible Medium 
-Multiple backup files in different sources. 
-Keeping primary computer protected (antivirus, 
secure) 
Minor Possible Medium 
Data corruption 
Delays, rework in time and resource 
constraint, incomplete thesis 
Moderate Unlikely Medium 
-Multiple backup files in different sources. 
-Keeping external storage devices safe 
(antivirus and new) 
Minor Unlikely Low 
Computational 
system 
maintenance and 
software licensing 
Delays, rework in time and resource 
constraint 
Minor Possible Medium 
-Keep up to date with system maintenance 
announcements and licensing requirements, 
schedule simulation around. 
-Save and close all sessions to retain data 
Minor Unlikely Low 
Program crashes 
and internet cut-out 
Delays, rework unsaved data causing 
time and resource constraint, incomplete 
thesis 
Moderate Possible Medium 
-Use only one system at a time when using 
remote desktop connection. 
-Save files frequently to multiple sources 
-Ensure computer can take load of running 
simulation, check minimum hardware 
requirements are met before beginning tests. 
Moderate Unlikely Medium 
Error(s) in program 
running and data 
collection 
Delays, rework in time and resource 
constraint 
Moderate Certain High 
-Acquire skills and experience to run the 
software. 
-Seek assistance with resources such as online 
help, tutorials and help from experts 
Minor Very Likely Medium 
Spilling fluid on/ 
near computer 
Delays, rework lost data causing time 
and resource constraint 
Minor Unlikely Low 
-Keep multiple backup files in different sources. 
-Exhibit caution with fluids keeping well 
contained and away from electronic devices 
Minor Unlikely Low 
Deleting files 
Delays, rework lost data causing time 
and resource constraint 
Moderate Possible Medium 
-Keep multiple backup files in different sources, 
saving frequently and in consecutive (daily) 
versions 
Minor Possible Medium 
Long simulation run 
time 
Inability to obtain more results in 
timeframe, delays, limitations to results, 
higher consequence of carried through 
errors 
Major Possible Medium 
-Reduce run time by working on capable 
computer, simplifying inputs and seeking advice 
of experts. 
-Compromise long run times with acceptable 
results by reducing scope 
Moderate Possible Medium 
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Hazard Consequence Consequence Likelihood 
Risk 
Rating 
Mitigation Method 
Residual 
Consequence 
Likelihood 
Residual 
Risk 
Rating 
Inability to source 
required information 
Delays, additional constraint on time and 
resources, incomplete thesis 
Moderate Unlikely Medium 
-Use all technical resources, including 
expertise, in finding information. 
-Identify and report limitations caused by the 
inability to source information. 
Minor Unlikely Low 
Obtaining negative 
or unexpected 
results 
Delays and resource consumption, 
analyse errors and rework data or submit 
incomplete thesis 
Moderate Possible Medium 
-Allow sufficient time to analyse data throughout 
collection then re-run simulations or discuss 
errors and causations in report. 
Minor Possible Medium 
Thesis not accepted 
by stakeholders 
Incomplete or poor thesis, drop course Catastrophic Rare Medium 
-Seek constructive feedback from supervisor as 
well as experts and peers to improve quality of 
thesis. 
-Allocate time between 'final presentations' and 
due date of report to improve with feedback. 
Major Rare Low 
Late submission 
issues - printing, 
travel, etc. 
Inconvenience and increased stress, 
penalties to grades. 
Minor Possible Medium 
-Prepare report, especially for coloured/ black 
and white printing and specific thesis binding 
well in advance. 
-Plan to arrive well in advance. Allow for traffic 
and utilise most effective mode of transport 
(public transport, vehicle). 
-Alternatively make arrangements with 
supervisors and peers to assist in printing/ 
travel.  
Minor Unlikely Low 
Result/ statistical/ 
stakeholder bias 
Unreliable or incorrect results or 
conclusions about data collected to suit 
problem definition 
Moderate Possible Medium 
-Clearly identify the objective to replicate 
previous results throughout thesis. 
-Define successful results as those that can be 
collected with high degree of confidence; results 
do not need to exactly match those in literature 
but critical analysis of errors and limitations 
should be justified 
Insignificant Possible Low 
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APPENDIX B – PROJECT RISK ASSESSMENT 
Risk matrix identifying project and personal risks to the project, accompanies Section 1.5.1. 
Hazard Consequence Consequence Likelihood 
Risk 
Rating 
Mitigation Method 
Residual 
Consequence 
Likelihood 
Residual 
Risk 
Rating 
Becoming 
incapacitated/ unable 
to work 
Delays caused in reduced time and 
personal resources, late or incomplete 
thesis, drop course 
Catastrophic Very Likely Critical 
-Advise stakeholders and relevant administrative 
staff of incapacity and any details necessary to 
mitigate on case-by-case basis.  
-Maintain a healthy lifestyle of nutrition, exercise, 
hygiene and mental health. 
Major Very Likely High 
Change in personal 
circumstances 
Delays caused in reduced time and 
personal resources, late or incomplete 
thesis, drop course 
Major Very Likely High 
-Advise stakeholders and relevant administrative 
staff of any changes in personal circumstances 
which may adversely affect mental health, and 
provide any details necessary to mitigate on 
case-by-case basis.  
Moderate Very Likely Medium 
Advisor or other key 
stakeholders becoming 
unable to work 
Delays, poor or incomplete thesis with 
change in or lack of supervision and 
feedback 
Moderate Rare Low 
-Clarify the availability of the supervisor to 
remain in this role for the remainder of the year. 
-Allow for flexibility and moderation to both 
performance and marking with the change of 
circumstance 
Minor Rare Very Low 
Presentation issues - 
anxiety, technical and/ 
or formatting errors 
Feedback taken (negatively) out of 
proportion, poor completion of thesis 
Moderate Possible Medium 
-Prepare for presentation early including, putting 
draft of slides together for supervisor, practising 
and enhancing presentation skills through 
workshops 
Insignificant Unlikely Very Low 
Human error in data 
input 
Incorrect results, rework causing delays 
and reduced resources, incomplete or 
incorrect thesis 
Moderate Possible Medium 
-Check inputs before simulating. 
-Validate results once immediately obtained to 
identify any abnormalities. 
-Have other experts check inputs and results to 
check for errors 
Minor Unlikely Low 
Issues developed from 
sleep deprivation 
Poor quality of thesis, critical errors in 
data collected 
Major Possible Medium 
-Time and self-resource manage, allocating 
enough sleep and recharge time to work most 
effectively 
-Always check thesis with fresh mind and seek 
feedback from others where possible 
Minor Unlikely Low 
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